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Over the pas_ _hree years, research has been conducted on SAIl 52100

end A_SI M-50 steel balls. The inltlal lnt_ent of _his test_ns_ was

to improvw fati_pae llfe of balll by reducing or ellmlna¢in8 end

fiber az'_as. The end fiber aroma, in previous _sY_ng; (Ref. 1 and 2)

have been sholma %0 be more senll_ive %0 spilling %ban areas w_ere

fiber is parallel to %he surfaoe.

Numerous lots of balls vere men_famt_red by various methods or

modifications of stsnd_rd msnufsm%urlng me_ods. None of then

se_hods produced balls in vhich end fiber areas _re si_nAflcently

re_uned.

" Tests Of halle produmed by vs_lou¢ methods of manufacture, intended

%0 reduce end fiber areas, g&ve varylng reeuJ.t_ This Indlea_ed the

_anme of other varisblel which require control before the effec_

of end fiber sen be oompletely enalymed. Ad£t_tonsl experimen_atlon

was directed to an eval_a¢ion of v.he effect of non-mete&lie inclu-

sions, rate end ma6nltude of plaatle defomaatlon in material processin6

as well as continued tiber orlenta_ion studies.

Three lots of balls have shown a significant improvement in fatigue

llfe. One lot, peened at room temperature in %he pre-aardene_ eond.i-

%Ion, ahowed a slgnifleant redZ_t,.1.0n in llfe feaster. A second Io_,

menufae_ured for p,,rposes ofcb_alning high silicate no--metalllc

incl%tlions, showed a ¢l_llifle_% recL_Ion in _he frequency of _pa/.lin_

of end fiber areas enccmpanled by excep%ional avere_ fatigue life of

normal scat_er. The third io%, contaiuln8 hish al_inate non-me_llic

Inclusion|, showed a si6g%Iflcsa% Im_rowement in the fa%Ig_te llfe of

end fiber ma_erlal. _ J _ _ _'_
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I]rI_OD_TION: A research progr_n to investigate the effect of fiber orientation

on rolling contact fatigue life was one of the projects carried on

by the Subcommittee on Lubrication and Wear, ori61n_[ly _mder the

National Advisory Ccenittee for Aeronautics and reconstituted under

the National AerenautAcs and Space Administration. Data p_duced

by NASA Lewis Research Center, has shown that end-graln or fiber

4amonstrates high sensitivlty to failure by spelling. This concl_-

llon is bMed on correlation of frequency of s_alls ocurring in end

and side fiber areas with the anticipated frequency baaed on position

of ball track with respect to fiber areas

On the basiu of these data it was proposed that M_C conduct a

Researoh Program to reduce or eliminate the end fiber areas of

bearing components. Work includes the fabrication of test speclments

(balls) in which fiber orienta_ion variables are oontrolled and the

testing of these specimens In IASA type five ball test rigs. In the

initial phase, six dlfferen_ types of ball fabrication were eras-steal

includAn6 the present conventional method, a plnch-off method, a

twist-off method, cross extruded metal power rod, peened balls, and

balls fabricated by conventional methods from r_is with the _lain flow

no_mal to the usual axial grain flow.

Preliminary results of thls initial phase tended to confirm the

theory that the effect of material fiber orientation was a man,Ires-

ration of more fundment_l material characteristics. Results

indicated that percent re_Actlon or degree of workln6 on the stmActure

of aM_%erlal affects rolliD_ contact fatigus life. It was _iso

b_potheslzed that impurities or inclusions in the steel wo_Lld effect,

in varying degree, the reslstanee of end and side grain material to
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failure in rolling contact fatigue. Consequently the progrnm was

exp_ded to include a study of _he effects of explosiv_ hardening,

percent reduction in drawing material into ball wire, peenin_ of

bells before and after heat trea_nent, ausforaing, and a study of

effects of non-metalllc incluelons.

Work conducted under M-R_ Research Proposal No. 129_ wherein balls

were tested at NA6A Lewis Research Laboratories is referred to

herein as Phase I. Work conducted under M-R-C Research Proposal Mo.

1382 wherein balls were _ested on similar rig at M-R-C Research

Laboratories is herein referred to as Phase II. All work was con-

_ted under Contra_¢ No. NASv-T_. The procedures, relnL1ts and

_ofl@luslons of the entire progrem under this contract are reported.

Test Specimen FabriQation:

FaMe I

300 ibs of SAE 52100 induction vacuum melted steel rod was centerless

gj_ for ball fabri@ation in Phase I. Lots DK, DN, DM, and EB

were obtained f_ma this heat of material. Characteristlc_ of this

heat are shown in Table I.

The following lots of balls were fabricated for _estlng in this

program:

LOTS DK and DN (Reference Balls)

Two lots of reference balls vere manufactured by conventional methods:

Lot _K hardened and tempered to Rockwell C _, and Lot DN hardened

an_ tempered to Rockwell C 58. The seoond lot, Rockwell C 5_ _as

necessary for e_arlso_ vlth Lot DM which was _he seine hardness.
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_ (Plnch-_ff and _lst-Off)

A four ste_ dAe, later e_tended to six staps, was used to forge
i

a ball fr_n bar stock. T_e first five sta_es formed an e_-shaped

specimen with progressivuly mnaller _nd6. In t_le plnch-off method,

the ends are _hen sheared and a rou_l ball formed in the final round

die cavity. The intended method of fabrication for a twist-off

group was not suacessful, due to inability to control slug _ize,

preliminary to the final foming ope_tlon.

mm DL (Sintered)

This lot was fabricated fraa SAB 52100 metal powder which was corn-

;mated, sintered, and cross extruded into rod. T_m rods were then

sectioned into slu4_s and hot headed into ball forgings. Due to the

lack of ductility in sln_red material cold heading of the cross

extruded rods was not possible utilizing conventional equipment

and me tho_s.

LOT EB (P_ened)

Balls stabilized at 1200°F were auto,rustically Ammoved frmm the furnace

tO the peeniag tub_ w_m_ they were hit by _ air actuated piston.

After _:Lrlg drlvln a6ains_ a hardened steel plai_, balls were auto-

matlcally _u_urned to _,e furnace to maintain _peratur_. Approxi-

mately 40 balls composed a peening load, and peenln_ was continued

for 24 hours for the full load. Balls were 0.50o" in d/eme_er prior

_o peening, heat trea_nent, and final finishing to test diameter.

The peened balls were finished to 0.490" dle_neter, err_teously.

Test_ results have been corrected for the difference in stress

resultln8 f_ this small dlsmeter.



M-R-C RESEARCH *NO DEVELOPMENT LABORATORIES

Phase IT

Nine different heats of material were u Silized in Phase II as follows:

A heat of SAE 52100, vacuum induction melted, and centar]ess

ground into 0.375" diameter ball wire was conventionally fo_med

into 0.52" dlsmeter ball forgings frum which IotL_ 5, 7, 8, i0

and ii were finished.

II Three heats of SAE 52100, vamp,-, i-dac_ion melted, were cast to

a range of ingot sizes whleh were drawn directly into ball wire,

eliminating the billet ste_s, to give a known percent red_ctlon

in cross sectional area. Rods were centerless ground to 0.375"

d.lameter frca which ball forglngg wen conventionally formed.

This material was used in the fabrication of I_A, 19A, 22A, and

III Three vac,,um induction mel_ed heats of SAE 52100 had inclusions

(sulfides, al_inates, and silica_e:_) Md_d to th_ melts to

obtain JK* ratings of 4-5. Lots 24, 25_ ,rod 26 were obtained

from this material.

IV A heat of con_mabiu electrode mel_ed M-50 ma_ezial was obtained

for faorlcation into lots 1 and 27. Du_ _o fabrication diffi-

culties of Lot 27, it was necc_;sar_ _o utilize a second heat
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Lots i and 8, made fr@m AD_I M-50 steel and SA_ 52100 ateel

respectively, are reference lolr.I manuf_tured by c@nventAonal

me %ho(Is.

LOTS Lq TV

Two lots of balls were fs_rlcated frum 1/2" cross roiled plate,

AISI M-50 material. 1/2" squame bare were cut frmn the plate in

the longitudinal s_id tre_sver_e directions and ball wire was tuA_aed

and eenterless ground fr_ the bars. This series of operations

yielded ball wire with controlled fiber orientation. In one lot,

the fiber orientat_ton was parallel to _he ball vire axis. In th_

other lot, _he fiber orientation wa_ perpendAeular to the ball

vlre axis (Ylg. i). Ba&I wire wea then cut to approp_late slug

length, cold headed, and finished in the conventional manner.

S_ 52100 balls were formed conven_ion&l!y end rough ground to 0.520".

A separate Investigatlon was l_%tlated _ co_perarlon vl_ t!_ Rockeb-

d_ne Division of North American A_iation to stud_ the feaslbillty

of explosive treatmmnt on SA_ 52100 steel balls. I_ wa_ orl_%tnally

agreed that Rocketdyne would desi_ shaped char_es an_ l:,Itla_ors

that would create a 100 Kllobar (minimum) lsrploslon on _e _,_

_round, 0._20" dAameter balls. The original design, a_ well as

deblgn modificatlons at this implosion level failed %0 produce _smples

free of macro or mlcro-cracks. A reduntlon of tb_ implosion force to

50 Kilobars resulted in satlsfe_tery performance Fifty balls each

of Lots 5 and 7 were _reated at this implosion level using
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Dupont sheet exI_lostve EL-506A and Rocketdyne plastic PY_-3 and P_-4

am sho_k transfer media. Lo% #5 was hardened _d tempered to Rockwell C

60 before erploslve treatment. Ix)L, #r( was hardened and a_lealed to

Rockwell C 15, explo6ively _rea_ed, en_ 1_hardened an_ tempered to

Rockwell C 02. ho_h lots _ez_ _hen finished in We conventional m_ler.

laA_ IpAa,_, and 2:aS (_eauc_ioa G_.oup)

Wit2_In this group, are lots processed frem dlffere-t _eats of material.

This variable is unavoidable, due to the nat_=_ of the manufacturing

process. _ lo_s were processe_ oy 9o_ring v_L'lOUS size insots. The

ingots, intura, were sva_ed aa_ drawn _o the appropriate size of ball

wire. The diffelmnce in cross sectional area between the In_t and ball

wire is expressed in peroentage reduction of cross sectional area.

LOT RZDU_TION

18A
19A _6_

Bolls were then processed from ball wire In the conventional manner.

I0 end ii (peened - Roam Temperature and 900°F)

Balls were conventloma_iy formed a_A_ rou_-J_ _rou_d to 0.520" di_eter.

Lot i0 wsm haa_l_ned and tampered to Rockwell C_?, then peened at

ro(ma te_pe_ture. Lot Ii was peened a% 900"F in the spherodized

annealed s_ate, then hardened and _ma to Hockwell C02.

Peening was done in a single ball, five tube, ball-peening rig.

This equipment was designed _ built for this work. Desi_ is

ShOWn on M-R-C Research Drawin_ #R-_1618-B. T._e equi_nt was

operatad at _0 c_ foc 3 hours trea_nt on each of five balls.

The rig is powered by air pressure which is variable in order _*_
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control the smount of deformation in balls of differing temperaturus.

Lot 10, hardened and peened at room ta_er&tALre, was processed with

30 psi air prmssure to the drive piston, and a resultin_ surface

deform&tion of approximately .0_" to .003" per surface. The same

pressure on annealed material atg0CfF (Lot 11) resulted in deforma-

tion in excess of .010" per surface or .020" per diameter. Drive

piston pressure was reduced to i0 psi resulting in a surface defomma-

tAon of .004" to .005" for Lot 11.

LOT 24, 25, end 26 (Non-metalllc Inclusion Group)

Again, because of _he vaclatlon within the group, it was necessary

tO prooees a different heat of maZarlal for each lot. Therefore,

these lots have no control or referenae group. In each heat of

material, excessive emounts of sulfur, silicon or aluminum rempectlvely,

were included to produce ball material which would have an inclusion

content of 4-5 JK* -- inclusions types A, B, or C, Each lot is the

product of one 50 Ib laboratory heat produced by the Syracuse Research

L_bor_tory of Crucible S_eel Campany of America, under the follovlng

heat number and chemical analysis:

LOT LOT
Ki_ Sulfides High Sllicatel High A/mnlnAt_s

Seat#o9o81y , at  o9o81 Heat

C - 1.06 1.06 1.07

I_ - .138 .27 .37

P - .OO2 .OO2 .O02

8 - .0_2 .O05 .OO5

si - .27 .35 .2o
mi - .O2 .03 .03

° . |
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The chemical analysis and non-metAlllc inclusion ratings constitute

the variables within this group. Balls were manufactured in _hm

conventional mmnne r.

27 (A Zomed

It was first attempted to form AISI M-50 balls in the 8Amformed

condition by austeniti_ing the nomal size ball slug and s_bilizing

at IO00*F immediately prior to the fo_min_ oper_tlon. Balls were oil

quenched imnediately after foralng. BecauN heat _rea,ment was done

in small laboratory furnaces, which could no_ incorporate a controlled

a_osphere, a r_ther severe dec&rburiz&_ion and sam,le build-uP

relu.lted on slugs and formed balls. The fomin_ operation also met

with difficulty. Individual handllng of each slu_ when placing it

in the die cavity introduced unavoidable inaccurs_les of slug align-

ment which _ere _plified by the vlbra_ion caused by rein motion.

This caused an irregular flash at the equ-_or and voids in the

sphere. The majority of the rough fonaed balls were s_fficlently

irregular to prohibit finisl_Ing toO.500" dlsmeter.

The acceptable appromcl, was to ausform a solid bar by austenizing

and forging a 50_ (minimum) reduction between the temperature of

1200"Y and (_O'Y. Balls were then C_ound directly from the ausformed

bar stock without any additional working or h_t t_atmcnt.

Test Rig Description

Tests of lots DK, DN, DM, DL, and EB were conducted a_ NASA Le_'Is

Researoh Center. Tests of subsequent lots were conducted at M-R-C

Research Laboratories. The MRC rig,,sare es_eni_ially the _sm_ as
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those designed by NASA, Lewis Research Center. (See Her. 4 _md MRC

Dra_ing #RSI(,53-B). The rig is a modified drill press which has been

adapted for ball testinG;. The basic rig is sufficiently versatile

that it may be operated at any desired speed and load, amd a_so be

used for high temperature work. The specimen holder portion of the

rig has been adapted to ball testin_ using three or four support

balls with one test ball which may operate at any contact angle

between i0 and _O degree_. _e specimen holder area ms_V also be

adapted to accep% a test beaching opera%in_; undur thrust load. In

both ball and bearing %csting, _he zpeed and load are variable.

High temperature work may be accomplished by the- use of a hea%

Jacket which surrounls the specimen holding area. Cartridge type

heaters incorporated in the heat JacEet allow variable testing tem-

peratures between room tempera%ure and 700"F. Each rig is separately

drlven by a three-quarter horsepower, _,450 rpm motor with positive

drip, pulley_ and belts. The loe_ling mechanism is a lever-action

desul weight type, actin6_ on the drill press s_indle.

Since it is important to determine the initial Incidmnce of fatigua

s9alling, both to determine cyelet_ of operation an_ cause and

location of failure, much effort was d/rected _o autumatlc _hut-off

meShocls. Use of otructure borne vibration %0 (,rl_r shut-off was

8tunefully unsatisfac_or/. The presently used system has been

found to be mos¢ reliable and is described as follows:
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f" ,,, A maxim_ of five amplifiers are powered by an externally regulated

power supply. The output of a crystal microphone is fed through an

attenuator into a two-sta_e amplifier. The sisal then proceeds to

a band pass filter which is composed of active elements. This filter

passes only the critical frequency r_. The output of the filter

is amplified in a power tube which in t_rn actuates a thyrati_n

tube. The OUtpUt of the thyratron tube actua_s a city,it breaker

relay which int_rr_ts the power to the d._ve motor,

THt Machine Operation

All tests vere ccm_ucted under the following con_itlons:

5_peed

Contact Angle

Load

Test Temperature

Outer Race

Tempe rature

Lubricant

L_bricant Ylow Rate

- Test ball end drive spindle - 10,h50 rum

(532 stress cycze8 per second)

- 30"

- 800,000 psi maximum Hertz Stress

- Ambient

-Phase I - i_0" - 155°F

Phase II - Ii0 ° - 135°F

- MIL-L-7800

- 8-8._ gm/hr

Lubricant is introduced to the test specimen area throu_ a

capillary tube, assisteJ by air pressure which c_t bo _b_Alat_d

to control flow rate. Lubricant flow was va,_led, between lu

grsls per hour, end _.5 g_ per hour. No significant difference

was noted in fatigue life due to the smount of lubricant used,

and therefore, it was determined to standardize on 8 to 8.5 greas

per hour of lubricant flow.
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Test Rig Correla%ion:

The tests conducted under Phase Iof this program were run aL Lewiu

Research Center, NASA. The tests conducbed under Phase II were _'_m

at MRC Research. A correlation therefore became necessary between

the t_o sets of rigs. The first test was conducbed on Lot DN by MIE

Research in an effort to correlate with testing of the 6_nc lot run

at Lewis Research Center, Phase I. (Graph i)

_T RIG TEST BALL B-I___..90 B-5__._OO

NASA Lot DN 5.6 170

_UE Lot DN 17.5 76.5

Although the correlation between NASA rigs and MRC rigs was acceptable

for SAE 52100 ma_eriai, _Litlonal correlation testing wi_i_ AISI

M-50 materiel was recummended by Nf_A peruonnel. The test conditions

were duplicated as closely as possible, in that the M-50 test bails,

5_.I(X)slaw balls, and _Arbo 15 (MIL-L-7808) oil were all furnished

by N_SA. (Lot A Table II, Graph 2).

Because of the vast difference in fatigue life between the NASA and

Lot A of the MRC tests the lubricant flow ra_e was _uepecteC.

Lot B was tested with e_l increased lubricant flow rate. The res_Alts

of this test werl lower then Lot A which Inturn led to suspicion

of lubricant quality. Lot C was tested using a new supply of Esso

T_rbo 15 oil (MIL-L-7800). The results of this test were within

the limits of reliability of the original NASA test. It was there-

fore determined to be a reasonable correlation.
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One s_lltl_al test v&s c_u_tedL to c_s_e _he fresh 7808 otl vt_b

Mineral oll (W8-41_). (Lot D T&ble II, Graph 2) This lot mleo

showed reasonable correlation wlth Lot C and _ae NASA test lot. It

vlm therefore deCemined ¢ha_ aontlnuatlon of testln6 wlth fresh

NIL-L-7808 vould be s&tisfantor_r although tJ1e more s¢able ch&_ter-

istics of mineral oil shoul_ be considered for f_ture work.

Evaluation: Mean and Median

In normal s_atistical _istrlbu_ions, the terms '_n" _nd '_d.tan"

@sfine metho_ of sZTlving at s single value as _in_ S z'_liable

_ure of a _ro_ of val_es.

The '_an," more c_nly referred to as t_e aver, is d_termined

fro= the _otal of sin_le values d/vi_ed by the n_ber of values, t2_e

median is _he value eorrespon_In6 to 1/2 the rang of sin'_le values

vhen single values are arran_d in uoendin6 order. The mean is

slightly more affected by extreme values Wan the medi_a'_. The

near-equality of the two values is _herefor_ an indication of the

.l_ence of extreme vl_lues an_l_l_tl'y of the frequency distribution.

Corrected End Or_tn

Lines fabled "Corrected _nd O_in" on Weibuil Gr_hs, Se_'ies B, az_

included for reference.

As noted in _he sppen_Ix of this report, a point of contention exists

relativ_ to the validity of correctlons for stressed volmae. The

report is discussed fr_n the point of view that the correction is

nOt valid. To eccept the validity of the s_ressed volume correction
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factor doez not significantly ehen_e the results of this report

because the limits of 90% reliability for sample sizes tested are

sufficiently wide to include corrected and uncorrected plot dd_tri-

butions.

Extent of Fiber Orientation Stud/es

Successful fiber orientation stA_dies were conducted on a majority

of lots from this investigation. The results and conclusions of

these studies are include_ in this report,

The procedures used to conduct fiber orientation studies were as

_ollows:

Each failed test ball was macro etched in either "commercial" or

"rea@snt" grade concentrated hydrocl_loric acid at 230"F (IIO°C) for

5-10 minutes. After an alcohol rin_ and warm air dry, _he location

of failure was noted in relation to its occurrence on end or _ide

fiber. During this study _ number of fallure_ were ob_erve_ t_

occur at the extreme edge of the pole area extending into the _;Ide

fiber area. For purposes of this study, these failures were con-

si@ered to be end fiber fail_res because it is bellev_ _lat these

failures are influenced by the close pr_xlmity or presence of end

fiber mate rlal.

It is sug@ested that further work be conducted which considers the

extei_t of the incidence of failure at the end-side fiber Intersection,

such .as the edge of the pole area and th_ equator.

Form 4_
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Difficulty was experienced in completing fiber orie:itatlon studiee

in same lots due to ma_rial variables.

AXSl M-50 tool steel exhibits an extremely fine structure. Due to

this cond/tion, the material does not show fiber orien_atlon with

any significant degree of clarity in the macro e_ched condition.

For thls reason, lots LO, TV, 1 end 27 are not included in fiber

orientation stu_ties.

The ssme con_i_ion was true of Lots 18A, 19A, and _c_B; however for

a d/fferent reason. As will be noted under the Resul%s of the

reduction grot_p, the balls f_ 3 lots of this group did not

clearly show fiber orientation following macro e%ch d_e to insufficient

chemical segregation; which, inturn, warn due to rapid cooling of the

small ingot.

PEASE X

Five lots of balls were fatigue te_ed during this Phase. These

lots consisted of:

Lot DK
Lot DN

LOt DM

Lot DL
Lo_EB

Reference Balls Ro 6&) - Graph 5, (_, 7; Table III

Reference Balls F_ 58) - Graph 5, O, 9; Table IV

Finch-Off) - Graph 4, lO, ll; Table V

S_tered)
Peened at 1200"F) - Table VI

LOT DE
m

This lot suffered extremely early eatutrophic failure. The avera_

ball life was 0.i0 hours, compeumd to avera_ lives in excess of 25

houri for all other lots. No further oonsideration hag been given to

%his material. The fatigue life of the lot is not included in _e

F_ 4116
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Ccmposit Weibull Plot (Graph 39) nor is it included in failure

probability studies of fatigue life - fiber o_ientatlon studies.

Other testing at MRC hsearch has also resulted in extrumely low

life from cast 52100 material.

LOT Da (_nch-Off)
i ,

The fatigue life of this lot was generally low (B-IO 3.27 when

cci_red to ira reference lot. The cc_garison as shown in WeibuJ.l

Graph 4, ks somewhat exaggerated due to a two point v_ation in

hardaele between individual balls Of the reference lot. This is

probably the reason for the excessive scatter shown in lot DN (Slope

0.55). Another test of the same io_ conducted for purposes of

correlat£on of PhAse I with Phase II showed a more reasonable

fatigue ilfe d/stribution (B-10 17.5-- Slope 1.35).

When this lot was etched, the end fiber areas wel_ not shown with

any great degree of certainty, and the tabulation of t_le location

of spea.l.I is at best, a calculated guess. Sufficient cla__ity waul

shown howeve_ to concl_de that the are&s of end fiber material had

not been reduced to any ._ignAficant degree by this method of

manufacture.

LOT EB (peened)

ThAi was the only lot in this Phase which showed superior fatigue

life when compared to its specific reference lot. Later in the

program, two additional iota of peened balls were tested. Lot EB

is included in the discussion of results of testing these bells.

_Fati6ue Life - St_was Cycles X 106
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Z_7_S L0 amdTV

These lots were manufactured from longitudinal =u_ tz-ansve=-se

sections of cross-l_)ll M-50 l_late. C_arlson of thc_e loLs ind/-

cares _hat there is no significant difference in the fatigue life

of balls manufactured by these two methods. (Graph 12) It is

unfortunate that M-50 was chosen for this portion of the investi-

gation, due to t_ difficulty in de termlnll1_ t_ surface fiber

orientation in the finished ball. If we t:mce t_m fiber orientation

through the manufacturin6 process, we can est.imata t/_t Lot DO had

approximately _ end fiber _d that Lot TY had approximately 6_

end fiber, (Fig. i). If this relationship of end and side f;urf_e

fiber could be proven, results of these tests would give further

suppor% %0 the theory set forth in the &ppend/x of t_LIS report;

t/tat fatiEae life of end and side fiber material is independent

of the "s_ressed volume."

It is therefore, suK_sted that; this ball manufacturin6 method be

included in any further work on fiber orientation s_ud/es in b_<]is.

Slave Bell Hardn+ess

During the testing of Lot TY, _mo_,er si_flc_% difference in

fatigue life was shown to be caused by a variation in har_nees of

support balls. During this _estin6, thm suppl_ of support balls

was depleted and it was necessary to acquire a new group of support

balls. Shortly afbe_ the new support balls we1_ in test, it became

a_parent that the life of the test ball8 had been drastlca/I/ traduced.

A subsequent check to determine the cause of this roduotion in life



M-R-C RESEARCH AND DEVELOPMENT LABORATORIES

-18-

wa_ cum_leted, utilizing M-50 support balls and 52100 sL_pport balls

wlth hardness about 2 points RoQkwell C hight thua _ original

M-I balls. The resu_Its of this testing a_m shown below and ind/eate

that the hardness of the support balls relative to the test specimen

is vitally important.

_EST SPmC IMBNS LIFE

Hardness B-IO* B-5O*

ML_erlal Rc Revs Revs

M-So (T_,verN) 62.3 36.0 269.0

M-50 (Transverse) 62.3 7.4 71.0

M-50 (Trsnmverse) _.3 8._ T(.O

SUPPORT BALLS

Material Hardness Rc

M-I 02.1

M-SO u4.2

_.i00 L_$. l

This phenumena is demonstrated gr_phic_lly in Graph 3-

It has been shown in _his and other reports, %hat _est ball hsu_tuess

has a marked influence of life. The above has shown that the slave

ball hardness also has a marked influence on llfe. This information

sug6ests that we can no lonser depend on a graph of d_nmalc capacity

as & function of h&rdness. Siuce tale har_nees of each of 1;he elements

cum_osing a l_llln6 contact fati6%_e fast area affect the results, we

would then expect that optimum llfe of a system will be realized fl_m

optlm_n har_,ess in each member of thu systum as well as optlm_n

hardness relationship between the _embers of the system.

Regardless of op_tm_ life, the hardneoe of each s/stem _mDer _

the hardness relationship I,_st be considered variables in _- or 5-ball

_es_lng and so controlled to yield _e &elired results.

*Fatigue Life - Stress Cycles 106

Fn_-m 405
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Questions raised by _hese resu.lSs _ec_me _he basis for a s_paYa_e

investigation. Balls havln@ severaJ. _I2£uren_ ha+'_ess levels

were supplied to NASA Lewlc P_se_-ch Labo_'a_ories for _es:,. Resul_,s

of this testing are not i:.clu_e_ herein buc will _ t_c su,.i.ecc el"

a separate report.

Ex_losl, ve Hardened Gro_

Thls group included Lot 5 ex_losively %rested at Rc _0 anl Lot 7

explosively treate_ at Rc 15. _oth of these lots exnlbi_ed inferior

fatigue llfe (Graph 13, i.; Table _FLI).

It is s_spected that expl_sive treatment has introduced r_sidual

tensile stresses in the s_trace of _se bolls. The following

evidence supports this co_ tention. A number of oalls f_ Lot 5

exhibited cricks in the s:de grain material aE_er testing. The

cracks were shown running parallel _ _he wear track after balls

were macro etched in hot ,.oncentrated hydrochloz_c acid. Residual

stresses _ add/%Ive tO ,tAwsse_ Int_uced oy rollln_ con'_t_

the sum of these being suu flcient to cause failure b_ cr_cklng(Ref.9)

It will also be no_ed from Q_aph 15 of _he Explosive H_r_lened Oro:p

that Lot 5, exploded sets: hardenin_ exhibited increased scatter

over Lot 7_ exploded in r_• soft condltion, and the reference lot

from the seme heat of ma_ rial. If the scatter of values of fatigue

llfe is due to rmudc_ly o_iented stress ricer_ in the m_terlal,

_en the effects of a res:dual tensile st_ss on t.he surge of a

ball would amplify this scatter by introducing a stz_ss pattern

which is favorable to cre_E propagation initiated by such stress

risers. Since Lot 7 was explosivel_ treated in _ _oft contrition
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/- and subsequently heat t_lated, 8ny unfavorable residusl stress

patterns imparted to the surface of the ball by explosive treat-

ment would be reduced by any insuing heat trea_ent.

The study of the end and side fiber failures Lot 5 indicates _hat

the Weibull Plot is a poor @hoSes of statistical method for _he

evaluation of this _ype of infomation. The Welbull Plot places

emphasis on low life failures. The lover half of the _j_h is used

to plot the first 20_ of the failures, . Qreat eapha_Is is placed

o_ the B-IO llfe in the bearing industry because of the need for

reliability. This e_phasls is Justifiable when eoasidel_n6 critical

bearing applications. HowevQr, _hen the use of the plot is e_tended

to areas of more basic research, such as the investigatlon of mauerili

properties and failure mechanic, it intro&ACeS the _an6er of d_sving

false co_clualons. This darter is removed when a more basic statis-

tical s_roach, such as the bar chart, step chart, or nomal frequanc_

curve, is employed.

Consideration of the side fiber failures of Lot 5, demonstrates _e

above condition. Welbull Plot Graph 16 shows that the side fi_er

areal of this lot are decidedly superior in fati6ue life. When the

l_e dAIM_ iS evaluated by means of a step chart (Graph 17, Table VIII)

we find that the superiority @f side fiber material is an erroneous

aonelu_ion. While _he first three failures in side fiber material

shoved a decided improvement in fatigue life o_r the first _hr_e

end fiber failures, the im_rcve_nt is not proportional thr_u@hout

the r_n_e of values. },our failures occurred _etween 19.3 end 20.0

hour_. Beyond this point, failures were i00_ preferential _o the
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end fiber su_terial. This is umd_rstaadAble when we consider that

the prefersn_lal tendmncy cmu _e of vury low me_tudm and still

be sufficient to cause a predomimance of failure in one area.

If we ag_n acce_t the theory of a ren@om distribution of stress

risers in respect to ddst_ce from the surface sad that the affect

of these stress risers is em_lifled by a residual tensile stress and

that the tensile stress ham a greater preferential effect on end

fiber material, (a_alogou_ to the difference in _nsile strength

sad duc%llity of cold _lled sh@et material in _he longitudinal sad

transverse direction) we have a set of conditions which explains

the resu.lts.

Considermtlon of bo_h step chart (Graph 18) and Weibull Graph 19,

(Table IX) of Lot 7 shows tahat there is very little difference in

fatigue life in the end add si_e fiber material_ The frequency

distribution of failure (Table XIII), is more favorable, wit_ a

40% e_ fiber frequency mad 60% side fiber frequsncj, which is

s_roamhlng tahe desired theors_Lcal probability. This change in

failure frequency sad life distribut_iou cam only be d_ _o the effect

of heat _rea_nent following the explosive trea_mnt. As previously

noted, the unfavorable residual stress patterns are reduced in

mas_itu_e by the heat _reatmsn_. The ball, therefore, shows more

of thin residual stress charac_ristlcs IH_arted by the heat treat_

merit and less residual stress characteristics remaining from t_e

explosive operation.
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_auctJ.o n _,rou_

This group is ccm_sed of Lots 18A, 19A, 22.a., and 223 (OrEph 20).

The method of fabrication, used to ]produce these dell&lie permentages

of redac%ioa, has certain inherent diaadvamt_es. ¥arioum small

sizes of ingots were poured, and ball wire drmvu dArec%ly from the

In_%. The redid, cooling of the ou_er surface of the small in_t

trs_s g_s inside, similar to the _&itiom experienmed, in chill

ea_tAm4_. When ball wlm is d.mwn frmR the porous inso%, the %rapped.

gas pocke%s &re gmea%ly elon_ted. The condAtiom is |till premen¢

when a ball is formed. The defects are subsequently disguised by

_arlm8 in the high speed finishing @peratlon. The defects,

_herefore, are present immediately below _he surface of the finished

ball and are revealed by the etching reagents removing the _are@

muff ace.

TAB_N_A_ON O.F POR0SITY, FI_IR 0RIE_TIOR ARD ._LIFe

Evidence of

Fiber

18A 40 Little None 16.5 58.0

19A 60 Excessive None £. 3 15.5

22B 75 Varying degrees Some pole- 8.0 44.0

no equator

_A 90 Scattered Good Poles 15.5 60.0

F.fvn 406
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A corrsl&_ion is observed between life of the _Iffersnt lots of

reduction and the degree of porosity exhibited as a result of macro

eC@bJ.n8 u wil_ be noted fr_m the preceding tabulation. Lot 19A

shov;LnK 't,bm poorest life, 81so shows excessive porosity. Lo_s laA

and _.A_ 18_co_parlaou, show very lit_l_ porosity and Koo_ life when

com_p_red to _bt rest of the red_ion Kroup. _ vor_ 'mcattered'

undmr porosity for Lot 22A refers to se&ttered evidence of porosity

vltbln the lot. It van also noted in cues vhere porosity was

evident, it wu r_ber severn.

Lot _ exhibited varloum degrsea of porosity within the lot,

r_8 fran 'very little ' _ 'modAum ' in severity. This could

very well be _he reason for increased 8cat_er in thls lot.

The in_en_ion of inves_igatin8 _ls croup wa_ ori_inally to show _e

affects of material working on fatigue life. Due to o_diti_ns out_

lined above, _estin_ ha_ shown the affects of porosity On fatigue

llfe. _e_e rmaul_s are sufficiently evident _o overshaAow any

evidence of correlation of the degree of material working with

laminae llfe.

It is also intemmting to note f_ the same tabulation, _he com-

lati_ bet_een percentage red_etlon and evidence of fiber orlen_atic_.

The_wer percentages of red_e_ion were mad_ from mBller i_o_s

T_ naaller t_ lngot_ the more ra_id the coolinK, and therefors,

leas time is allowed for _raln boundary conm_lt_en_ _o precipitate

_o _he gA_in boundaries to be at_acke_ by the e_chin_

Form 40_
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reagent and subsequently show grain-fiber orientation. Due to

this ai_ation it was possible only in Lot 22A to analyze failures

in end _d side fibers. We notice from Welbull ChAr_ (Graph 21,

Table X) lnf the step graph (Graph 22) of this lot tha_ Rain there

is very little difference in the fa_L_ae llfe of end and side fiber

_terial. Similar ZllU_tl _ evident in reference iota of 52100

bells, and we would have no reason _o suspect ot_rviie; since

m_andard ball material As worked in excess of 90_ in the billet

mta_e.

Peened Group

Lots I0, ii and EB were peened at room temperature, 900 ° and 1200"F

reepeetively. Micro-ex_in&tlon of a peened ball from Lo_ EB,

prior to heat treatment, revealed an area penetrating mpproximately

.000_" into _he surflme of _he _ii in whloh carbides a_peared to

be of a more uniform size _d distribution. The depth of this

observable pene_ration of _he hot peening effect _as, of course,

rumovQd during _he flnlshlng op@ration.

This same con4Atlon wal also observed in Lots I0 (Graph 23, 24;

Table XI) and 11 (Gre_h 25, 26; Table XII). In all three cases

f&_i_Ae llfe ill been impz_ved by the pl_Inlng treatment. The

nol_ble _Ifferen_l bet'wee.m the 'three lots is the sea_ter of resu_._:8

or _he slope of the Weibull Plot (Graph 27). Lot IB haa a slope

of 0.87] Lot Ii had a elope of 1.76; aaa Lot i0 had a slope of 2.1_

(It wll erroneously reporte_ in Quarterly Report No. 15 that the

,lope of Lot i0 vu 3.73). It iS _ou_ht that residu_l c_resslv_

s_ZilS _z_e{ t_ the lU_V_l_e @f the bill by the _elning tr_a_mlnt

Fo_m 40h ;.
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is responsible for the varying degrees of scatter or slope noted

here. Slnee Lot i0 vas peened after heat trea_nent, it wo_Id

therefore possess %he Createst level of _esldaal compressive stress

in the finished form. In Lots ].l and _, stresses i_arted to

the ball by the peening trea_en_ are partially relieved by _he

presence of hea¢ in the same treatment. AdAitlonal heat used in

the hardening e_d tearing of these _o lots also serve %o red_ne

the favorable stress levels.

If ve agaln acQept the theory that noxmal scatter in the fatigue

life of bearing c_onents is ceased by sub-surface stress risers,

then a surface or is_edlstely sub-surface residual canpresslve

stress of e_y mas_i_ude _o_ld countered% cre_k propaption initiated

by sub-surface stress risers. It is then logical to assume that the

_reater the resltual c_pressive stress in a particular lot the less

the _atter to be exhibited C_arisons of end and sida fiber _erial

from the stand_olnt of failure probability, (Table XXII) end i_

lii_ failures (Graph 27), _)oth lndlea_ the supez'J.or'Aty Of

• elperature peening. As t_e _rature of peenin_ al_pro_ohes

temperature, the mlatlv_ n_er of end _Iber f_ilures decreases

and the llfe increases. (Gre_h 28, 2_).

Thlm is in line _Ith the theory expressed concernin_ end fiber

failures of Lot 5 wh_re residual tensile _t_mm is believed to be

re_sible for the high frequeney of end fiber failure, io_ life

failures and b£_h scatter. The Nine is true %o a progressively

lesser degree in Lot 71 8j EB, ii and SO.
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closeness of vLlume of the mean and midian of Lot i0 (Table XI)

(Grtph 2k) su_ests that, th_ distrib_tlo_ of llfe values is becoming

more normal statistically which in turn suggesta !,hato_e mod_ of

f_ilure is _redo_inatin_ _d therefore t_he other mode or modes of

failure have been reduced or eliminated.

Non-Np.¢allic Inclusion Oro_

Lees 2h, 25, and 26 - Hi-_h S_Llfides, Silicates s_IdAluminate8 (0riCh

30). The re_u!ts of _estiu8 of 1_Lis _rou_ has yieldsf an intez_sting
I

eosr_ison.

B-lO _ *

2_ - Su.ltt_= 27.0

25 - 8illcatee _3.0

26 - Alu_isaCe, 6.7

_ece we h_ve results of t-';Ibue testi:_K o£ 52100 _,_e_ia_ where

the varla_ions be_een the lots is _iuhin the ran_ of s_eaiflea_ions

of chemical analysis, ho_wr, all t_ree lo_s would be _Jected for

standard bear_ pro_¢ion on t2_e_z_u_d_ of a hi_ non-me_lli_

inclusion rating. The varlaCLon of faCIKue llfe between the lore

is more t_ 6 times. This _efinlte!y Indicates _hat aore work is

needal in this area and _hat the reeults of such worm could be of

great value. The only cor_lati_ first evident between the three

lote upon s_u_ClnK _h_ failure probabAl.lty (Tabl_ XIII) an_ fatiKu_

life of end and si_e fiber material (Graph 31, 32, 33) i_ the evldenee

of low failure probabillt7 in end fiber sa_ _ Weibull Plo_ (Graph

3_, 35, _6) of end fiber failures in all three casee_ show slightly

_%ress Cy_lel X 106
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superior llfe of the end fiber msterial. Exemination of the fatigue

life fiber orient&tion (Table XIV, XV, XVI), show a pred_mins_e of

early life failures in side fiber areas. A_ain, because the Welbull

cha_ dAsplaMs pred_ninate emphsMis on low llfe failures, the side

fiber material shows an exa_rated low life and _herefox_ the end

fibers s_pears to have better life by comparison. The mean and median

values and s_ep charts (Graph 31, 32, 33) of the same data _how more

radical relationships of' li'fe in separate areas. Lot 2_ shows no

significant dlfTerenee in llfe of end and side fiber areu. Lots

25 and 26 show decidedly su_erlor life of end fiber material.

4uezom. 

In evaluating Lot 27, the B-lO llfe is 5._ X i0 (_ stress cycles,

and the B-50 life is 30,O X i00. The slope i_ i.Ii. The resul%s

of this teitin6 are exceptionally poor for M-50 material which

8mnerally shows better fatigue llfe than _2100. (Graph _'/). A

preliminary hardness check lh_ws a relatively soft test ball.

Visual inspection of the test balls shows a well-wor_ track which

was finned in a relatively short perio_ of time. The poor perform-

same of this lot was originally suspected to have resulted frum

either or both of the following conditions. Due to the excessive

time taken to incorporate the 50_ minimum reduction in Qross sectional

area in the temperature rinse of the lower belly of the S c_u_e (o00"

- 1200"r), _ai_Ite was limed.

The resulting structure would then be one of wormed Bainlte rather

then ausformed. It was also su_peCte_ _hat due to excessive time

at temperature required for working of the material that a decar-

burlzed surface resulted.
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Further investiption ahowed that neither of these conditions _mrm

prmaent in the finished test ball. The complLrativm Weibull Ch_rt

for thll lot shows the ilope 'to be practically identical to the

control io¢, of M-50 material. _ver, spot checks Of the test

hardness, ixld_Lcate th_% a _ euASfOrmed S%rUC_ Vim never

achieved in this pe_cticular lot of material. These balls exhibit

a he-_dnese in tl_ ranee of I_ 57, and a _rue atmfo_ structure shoed

exhibit, an appax_nt h_rdneso :In the rsn_e of Re _ "r,o 91_ 70. The

dAi_emnee in f_6nae llfe oan, therefore_ _ attributed to io_

test ball hardness.
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CO_LUS IOnS A_D

F_C0_ATI0_:
Fati_Ae testlng of balla in N_A type five ball feet rigs ha_ been

conducted to de_e_nine affects of man_f_cturln8 varlablee on rolling

contact f&_i_pAe_Ai_. Work va_ COhered in tvo phases. The initial

phase eoncen_rats_ on developing manufacturing procedure ant pro-

cesses that vould n_LntKLze end fiber _rea. Subsequen_ tel_lng was

directed _o evaluation of a_ects of aon-met_Llic inclusive, and

ra_e and magnitude of plastic deform&_ion in material processing.

Results of this york am s_rised a_ follows:

i) In 8ener_l, attempts to improve fatigue life by ninlaizing the

relative _ount of end fiber Bterlal by new Isnufaeturimg methods

under Phase I vere unsuccessful.

2) Balls treated by _ peening process, shoved s serif Scant

re_tlon of e&rly life failures, _hue demonstr_tlng reduced Bcs_ter

and increased aver_ life. The benefiei_l _fect ma_ be due to

residual c_pressive stress i_parted by the peenin6 process, rather

tha_ an alteration of fiber orlen_tion ae orlg_Inally conceived.

Mor_ detaAled studies of the affects of variables in the peening

process should be undertaken.

3) Si_ificant effects on fatigue llfe resulted from the life

testing of balls produced vi_h slight variations in SA_ _i00

che_@al analysis. This tes_In_ va_ proposed to Investigate

differen@es in fatigue llfe d_e te excessive e_ounts of silicates,

alu_Muates, and sulfides. Two of _he _hree lots _ested, contaAnin_

excessive silicates end sulfides, shoved f_i_ue life s_perlor to

that of any reference lot.
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W) A_temp_ to improve fatigue life by an explosive hardening

trea_aen% rare unsuccessful. The resu__te of this _eettng suggest

that the poor f&%Igue llfe of bheee baals iG du_ to residual tensile

stress imparted by the explosiwB treatment. This is contiguous to

the _oncept that residual compressive stress is responsible for

the i_rovuaentg derived from peening tre&_aent.

5) In balls manufactured by conventional me_ds, as damonmtrated

by _eferenoe lot testing, there is a tendency toward preferential

failure of end fiber material. This t4ndency ie not etro_, because

there is no sigaificsnt difference between the fatigue lives of end

an¢ aide fiber material. Consequently, efforts to chsn_ _he

relative _oun_4 of end and side flber appear to be of little value.

AdA£_ton_ tnYe|%i_l_ou is needed in the following me4 befo_ si_i-

fieam% and mliable conclusions em_ be _m.

6) Testing of balls manufac%uzw4 from AXBI M-50 cross-rolled plate

(Fig l) mugges%e tha% the s_reesed volmme eorreetlon fmetor is

Inv_id. Due to difficulties experienced in macro-etchlng M-50

material, the e_ove aSsu_p_ton could not be proven. Additional

invem_Ig&_lon, using SA_ _2100 plate _ate,_al, p_cessed similarly,

is s_sted to prove or dAmprove this sssu_Lon.

7) Atte_p_ to correlate the degree of material vorklng, prior _o

_he dysvlng of heal wire, vi_h fm_lgue llfe vere unsuccessful, due

to varying dm_es of _orosl%y in the In_o_s. It is suggested _hat

addt%tonal york be conducted, using sections of large, e_nmerelal,

vacuum de,seal inEo_s fr_ which ball wire is s_a_ed and drawn.
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8) Two attemPtS were made to produce auaformed balls. Both attempts

faile_ %0 prodlte acceptable balls exhibiting ausfonmd structure

sn_ properties. It is suggested that further work be conducted on

AISI M-50 tubing of relatively thin wall_ possibly utilizing a high

energy rate forming process.

9) The hardness of support balls causes si_lflcaut variation in

the fatigue life of the test ball. This indicatez that en optimum

hardness exists for each component of a rolling contact fatigue

systeu, as well as an optimum hardness 1_la%ionshlp between components.

i0) The condition of MIL-L-7808 oil causes variations in fatigue

life. Stora6e conditions or moisture, absorbed f1_m t_e a_mosphere

can cause partial _mk-down, forming _he acid and alcohol from

which the product is made. 1% is theorized that this bresk-down

may be detrimental to fatigue life. Due %0 this condition, the

more stable characteristics of mineral oil are r_cGmmended for

future work.
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There are two ways to evaluate balls for failure sensitivity in

end fiber alwas.

Consider the number of fnilure_ occurring in end fiber areas in

relation to the areas of end fiber p_sent. In b_is mAnuf_ctu_Id

by conventional methods, results of rolling contact fatigue testing

show that the n_ber of failures in end fiber material is hi_her

than expected. When a ball is etched, areas of end fiber material

can be seen and measured. In balls tested under this contract,

the areas of end fiber material varj between 30 and 38%. For the

sake of this discussion, we will consider all bal!i to be 35_ end

fi_er and 65% aide fiber.

Between 55 and 60% of ball failures occur in the 3_ side fiber area.

probability of feLilure of a ball track is the n_ber of chance8

for failure in a partictLlar area or track length divided by the total

n_ber of chances for failure or the total track length. This

probability will hereafter be ten_ed "theo_mtle_ll probability. "
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Any ball ccmai_ered for testing in • five-ball test rig and randomly

oriented in the test spindle without respect to fiber orientation has

• higher _heore%ical probability of failure on the ji4e fiber arm&,

if the mechanlaa of failure is not in any way related to these areas.

The theoretical probability of failure on the side fiber area is

0.65 and the theoretical probability of failure on the end fiber arms

is 0.35° The total probability of fail,,re iS 1.00.

When a group of samples have been tested, and exmnined for failure

in end or aide fiber are•e, end correlated in terms of actual

failure probability in each area, them is a marked difference

between the actual and theoretical probabilities.

In the case of Lot 8, the actual probability of en_ fiber failure

of one additional ball from this lot is O.bl, and the probability

of failure in the side fiber area _' this s_ ball is 0.39. Thil

is pramtically a cc_plete reversal of the theoretical probability

picture, and indicates that the fail _Ire ranch•hiss is related to end

an_ side fiber sterial char&cterlstic|. This is the only conclusion

tha% c_ be drawn on the basle of a probability study. We know only

that, end fiber material ia more een.itive to fail,_re then originally

aasu_d fran area distribution.

The 8econ_ metho_ use_ in order to evaluate the degree of sensitivity

conilderu the fatigue life. Fatigue llfe may be expressed in hours,

revolutions, or stress cycles of • par_cular test sample. Failure

of the test sample is the appear•nee of • distinct surface irresu-

larity or spell at any point on the test track. The only conclusion

which can be _ from taese data is that the particular point of
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failure was the weakest point on the test track s_id _hat i_s weakness

was inversely p_oportlonal to the number of hours or revolutions or

stress cycles which caused i_ _o fail. Any ot_er point on tl_ same

test track may have las_ed one minute lon@Qr or 200 hours lon_wr -

we _on't know end, therefore, we can make no s_a_emant about the

llfe of the un/ailed portion of the trek. If w_ a6aln consider

tha_ a ball is randmmly placed ia the test spindle wl_ho_t regar_

to any fiber orientation and that in doing so, we have in effect

tes1_ed _ entire ball surface (_b/s may be a i_ assu_tlon when

ve consider a lot of only 30 balls). We az.rlve at the conclusion

_ha_ the point of failure is representative of the veaEest point

on _he ball. In a great many cases, side fi_er failures occurred

in a track which ran over side and end fiber, showing that, in these

cases, the end fiber ma_erlal was s_ron@mr than the side 5rain..

The accepted metho4 of evaluating fati_ue llfe of a bearing or

bearing component is the Weibull Plot, which is a graphical

represen_a1"_ion of the lo6 of s_ress cycles, _ime or revolutions,

compared to the log log of reciprocal of t|m umd/an rank of s_rviva_

(in other words, the log log of the failur_ probability).

Vhen _2Lis _uhod is applied to the data of 5hls contract, it shows

that _here is no significsn_ _ifference in life of balls failed

in the end an_ side fiber areas.

/ .....

A q_stion has beem raised relative -to the _alldly of con@fusions

base_ on 4_h Weibull Plo_s*. It has buen suggested that a correction

be made for stressed volume because tJ_ length of _rack in end fleer

material is smaller _han the length of _rack in side fiber material

5 6)
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and, therefo1_, _he theoretical probability of failure i_ less in

the end fiber material. However, it has sl1_ady been chown that the

theoretical probability of failure vnrles marks&l<," from t_ _ctual

probability which izl turn proves that the actual probability of

specimen failure is not mutually independent from the _leor_ical

probability_ and therefoz_ cannot be statis_icall_ treated as

mutually ind_pendant where the product of the independent probabilities

equals the p_bability _ha_ both events will hs_pen simultaneous/J.

In s_ppor_ of _hls theory, let ua now consider the form equation

of _he Welbull plot and the effee_ of a stress vol_ correetloQ

un the equation.

K log L + C - log log Fp

CL k - io6 Fp

___ xCLk " "._x Iog Fp

_0_ x CLk- logFp .'_

where K - a consZant repreeentin_ the slope

C = a oons_sfl% _resentlng t_e probability intercept.

L - Life expressed in stress cycles, hours,

revol_ _lons

i
F - the failure prob-bility or-
P I-F

or

Notice th&_ _he application of the stressed volume correc_i(_n f_ctor

exponenSially _o the failure probability equals the identical

fs_tor e_lied al_braically to _e fatigue llfe.
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To apply a correction fac _or which rcpresen 5s uhc t/_coretical

failure pro1_bility to e_Lher the life or i;he faliu_ p_OuLillt#

is invalid. Since the theocratical probabillt_ differs from ;he

actual probability, the t_moreUical p_Dbability c_nnot be mut_Ally

independent of the failu_ probability and therefore c_uno_ be

t:_ated as such.

The llfe of an au_unobile tire il usually measured in miles; but

a %Ire larger in circumference will have a greater life _ a

resell clrcumferenee ti_e. Why? Only because the smaller tire has

ha_ a greater n,_ber of stress cycles on e,_ry point of its tread

surface for every mile of roa_ _ravel. Therefore, mileage is an

invali_ measure of tire llfe. "Stx_s8 cycles" or "revolutions" is

a vali_ measure of tire llfe. A ti_m of circumference 0.35 C is

analogous to the ball with 35% end fit_r meusri_. A tire of cir-

cumference 0.65 C is analo@ous to a ball with 65% llde fiber material.

A still larger tire with a circumference of C is analogous to _he

total surface of _otal track length of the ssme ball. The "stressed

volume" of the 0.35 C til_ il pru_o_tiozzal to the "st1_soe_ volume"

of the 35% end fiber material ball. 0.05 C is p=_portional to bS_, etc.

The life of _e 0.35 C tire will be 0.35 L when L is measua'ed in

miles, and the life of O.b5 C will be 0.65 L, etc. But when life

is m_as_red i_ st_u cycles, _h_ lives of bo_h _r all th_m_ tir_

will be equal considering of course uha% o_ber factors affecting

life are equal - magnitude of emmh stress cycle, speed, etc. The

same is %rue of a ball.
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If the life of the end fiber _erial is measured in to_al dls_ance

trlvelled in end flber, or _he total number of stress cycles i_osed

on a partAeular area, prior to fa£1ure at some point, and the side

fiber failures are treated sluilarly, then the life of each area

expressed in _ais way _ould eonteAn factors vhlch exp_eu llfe in

terms of a funetion of area. Thls is not a leKit_to expression

of b_ fati_p_e llfe for _he silo reason that it is not a le&_t_na_e

expressicQ of Lutcmobile _ire llfe; beaause the atoM, track length

and "stressed volume" are difTe_nt.

As an alternative, we may measure fati_Ae life in stress cycles.

Since every point on the track received an equal number of stress

cycles, and one point on _he track failed a4 a result of repeated

stress, _he fatigue life of that spot ha4 therefore, determined the

fatisue life of the track without re_ard to dlffertnce in area of

end and side fiber. The in_ox_a_ion in this form will yield the

desired answer.

We are Investigatin_ e_d and lids fiber ma_e_ials. And _e _lsh to

evaluate faille strength of this naterial. Y_ or_r to do _is,

we must elimlna_e all other v_rlables to the best o f our ability.

Area of end and side tiber is one of _hese variables, as are speed,

load, hardness, chemical az_lysie, eto. The a_ached report will be

d.tl_uJsm2 from this point of viev. The validity of the point of

view may be questioned; however, _he exten_ of investigation required

to prove or d:t_prove the point is too great to be considered fur_er

under this contract.
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TAHLE I

RAW MA_RIAL INSPECTION - PHASE I
INDUCTION VACU!JM _LTED - 52100

Heat Ro. 00250

AnAl,ysis:

C Si

1.10 .28 .34

S P C_ Me Cu Ni

.006 .O07 1.48 .01 .02 .02

Non-Mitallio Inspection:

A B C D

Top 1.0 1.0 0 1.0

Top 1.0 1.0 0 1.0

Bottom 1.0 1.0 0 1.0

All thin Series

Hardenability : Rc 64/65

Acid Test: Satisfactory

Fraeture Inspection: Satisfactory

Wagnaflux:

|

8te_-Do_ Test

No. Indication8

0

0

Total Length
of Indications

0

0

Carbide Distribution: Satisfactory
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TABLE III

LOT _ (_rm_cz ,.u.)
FA_G_ _Z - F_ZR ORI_r_m_

com___o_ o. LL_ _ Fmmum PoI_

q_

Blll

NO.
1

Loc&tlon of Spall Life - End Grain
i l A L Li l

Life - Side Oraln

12

30
2

15
35
9
29
2o
16

21

I

3
17
8

18
26
23

31

13
38
7
25
36
2_
37
28

Invalid

End GraAn 3.3
Side Grain
Invalid

81de Gredn

81de Grain

Grain 15.0

Sul_md_d
Invalld

Grain 17.2
End Grain 21.1

Side OrmAn
Invalid

End G_ 2_.5
End Grain 29.8
Invalid

End Grain 31.I
Side Grain

Invalid

Side Grain

Grl_n 57.5
Side Grain
Invalld
Invl_Id

End Grain 129.5

Suspended

Bnd Grain 13_. i
Side Grain

Suspended

Total Hours 471.1

Mean Life _7.1

Median Life 29.1

Balance Suspended

_.5

8,7

25.5

39.5

55.7

83.1_

1J,3.1

309._

51.6

_.5
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TABLE rv

L_9 DN (DOLT _Z_CE BALLS _c 50)

FATIGUE LIFE - FIBER OKIINTf_TION

CORK_L_ITION ON LIFE AT FAIIIJI_E POI/_f

W7

Ball

No.
m

Location of Spa!l Life - End GY'[L_n Life _Ide Gr_i;_

8
14

13
6

15
4o

23
7
26
28
16

25
2O

3
32
l

39
33
9
B6
27

Bnd Gr_In

Side Gr_ n

End Grain

End Grain

Grain

End Grain

Side Grain

Side Grain

Side Grain

Side Grain

End Grain

Side Grain

End Grain

Side Grai 'a

Sidm Grain

End Gral:L

End Grain

Side Grain

End G _Lin

End Grain

Side Grai:1

End Grain

Tot_. Hours

Mean Life

Median Life

1.9

2.9
2.9
3.o
3.o

55 ._

103.2
12o.3

539.9

h5.o

20.1

2.5

.)

i.C

t..J. •

05.0

i_.

3_,_o

3_.2

14._
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TABLE ¥

- oS  ATZO!
CO Z  IOS os FAZLU rOI r

Ball

No.
m

Location of Spall Life - End Grain
i i i

Life - Side Grain

1 Side Grain

3 End Grain 0.7
5 End Grin 1.3

17 Invali_

8 End Grin 1.8

37 Side Grain
2 Side Grm/n

12 Side Grain

I0 Side Grain

39 End Grain 32

36 Side Grain
7 End (}, din 5.3

34 End GJaln 6.0

38 End Grin 8.5

23 Side Grain
2_ End Gr_In 9.2

13 Invalid

21 End Grain i0.5

9 Side Grain
6 Side Grain

27 Side Grain
40 Side Grmin

32 Side Grain
28 Invalid

31 Side Grain

33 End Grain 13.4

19 Side Grain

35 Side Grain

ii Side Grmln

29 Bide Grain
26 End Grain 16.3

End Grin 19.8

15 End Grain 20.2

30 End Grain k_. 3
End Orain _.8

25 End @rain 27.9
I_ Si_e Grain

18 Side Grain

20 Side Grain

16 Side Grain

Total Hours I@9.2

Mean Life ii _8

_d/au Life 9.8

o.7

2.0

2.o

2.7

2.9

3.9

9.1

]-z.3
ll._J
ii ._

12.1

12.3

13.o

13._)
14.o

z_, .2
15.2

33.3

39.9
_,:L.O

3_.8

12.1
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TABLE VI

LOT _ (PEENED AT l_O'F)
FA_Imm Ln_ - F_a oan_A_IoN

CORRELATION 0N LIFE AT FAILURE POINT

No.
l

Location of Spell
, i , L

Life - End Grain Life - Side Grain

_3

15

24
33
6

i0

27

13
35
18
2O

16

37
30

25
26
21
1

End Grain 0.2

Rnd Grain 1.7
Side Grain 6.5

Ena G_In 9.1

End Gr_In 9.7
_nd GI, ain 10.8

End Grain 12.3
Side Gl_in i_3.4
Invalid

Side Grain 27.3
Invalid

End Grain 47.0

Side Grain _9.8
End Grain 60.8
End Grain 73.5
End Grain 87.8

End Grain 9b.7
Side Gtain 12_. 7

Side Grain 153.7
Invalid

Invalid
End Grain 206.3
End Grain 200.4

Total Hours 822.3

_an Life 03.3

Median Life b,7.0

382._

_3.7

3_.5
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Tt_ VII

im _ (szzzsm_)
FATIC_ELIFE - FIBERORIERTATION

CORRELATIONON LL_ AT F_JIU_:POINT

Ball

No.
m

L_ocation of Spall Life - End Grain Life - Side Grain

12

Ii

13
20

1

7
4
18
31
2

15

6
19
28
14

9
27
22

30
17
29
25
8
16
26

5
33

32
iO

3

Side Grain
Side Grain

Invalid

End Grain
End Grain

End Grain

End Grain

Side Grain

End Grain
End Grain
End Grain
Side Grain

End Grain

Side Grain

Suspended
End Grain

Suspended
Side Grain
Side Grain

End G ,ein
End Grain
End Grain
End Grain
Side Grain
Side Grain

Suspended

Suspended
Suspended
Suspended
End Grain
S_spended

Total Hours

Mean Life

Median Life

8.8
i3.i

19.3

23.7
31.1
31.3

50.8

71.0

71.3
75.3
89.0

i_9.7

730.8

52.2

36.7

19.8

m

_90.i

5_.5

Ih?.2
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TABLE VIII

LOT #5 (mU_OsIW _Em_ _c 6O)
FATIGUE LIFE - FIBER ORIENTATION

CORRELATION ON LIFE AT FAILURE POINT

5/

Ball

No.
m

Location of Spall Life - End Grain Life - Side Grain

31
$5
29
7
3

25
$2
6
28
2
19

26
21

18
3o
27
14
17
13
33
I0

12

Ii

15
2o
e3
8

Invalid

End Grain

End Grain

End Grain

Side Grain

End Grala

Invalid

Side Grain

End Grain

Side Grain

End Gzm/n

Si a,, G_in

Side Grain
Side Grain

Side Grain

End Grain

Invalid

End Grain

End Grain

Invalid

End Grain

Invalid

End Grain

End Grain

End Grain

Znvalid

End Grain

S _spende d
End G_in

Total Hoars

Mean Life

Median Life

o.9
i.o

1.9

3.9

iI .i

17.8

21.8

24.8
28.7

_.6

_, .0
7o.0

72.3

79.8

80.8

51_.0

34.3

Z4.8

3.7

14.9

19.3

19._

19 .b
20.0

103.7

19.3
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TABLE IX

FATIGUl LZ1_ - FL_R ORIENTATION
COK_J_ATION ON LIFE AT FAILS POINT

Ball

No. Looa%ion. of Spall Life - End Grain Life - Side Grain

28
36
ii

22

17
26
32
14

39
19
29
31
21

3
I0
18
30
5

12
2

27
20
2_

1
8
16

25
33

End Grain

Side Grain
End Grain

Side O,ala
Side Grain

Side Grain

End GI_Ln

Side Grain

Side Grain
End Grain
6id_ Grain
End Grain
End Grain

Side Grain

End Grain
End Grain

End G_'aln

Side Grain

Side Grain
Side Grain

S_spendsd
Side Grain
End Grain
End Grain

Side Grain

Side Grain
End Oravin

Side Grain

Side Grain
Side Grain

Suwpended
Side Grain

Total Hours

Mean Life

Median Life

_.6

7.7

8.7
ii .2

12.7

z2.9
io.O

23.0
20.0

28.6

155.6

12.9

ii .9

2.0

2.9
31,
_.3

O.O

7._

8.3

12.2

iO.O
io .0

20.0

23.0

20.2
24.3

28.8

35 .b

339.2

z6.4
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TABLE X

LOT 22A

FATIG_ LIFE - FIBER OR_fATION

CORRELATION ON LIFE AT FAILUEE POINT

_9

Ball

No.
I

Location of Spell Life - End Grain Life - Side Grain

22

27
z8
28
9

ll

21

la

3z
4
15
i

5
iO

3
2O

24

17
8
e6
3o
7
6
2

29
16
Z3
25
19

Side Grain

End Grain 5.6
Side Grain

Bide Grain

End Grain 9.6
Bide Grain

End Grain i0.0

End Grain ii. 4

End Grain 14.4

Side Grain

Side Grain

Side Grain

Side Grain

Invalid

End Grain 31.0

Side Grain

Side Grain

End G_mln 37.4

Side Grain

Side Grain

Slde Grain

Side Grain

Bid_ Grain

End Grain 51.3

Slde Grain

Suspended

Bide Grain

End Grain 87.8

Side Grain

End Grain

Total Hours 349.9

_aa Lifm 35.0

Median Life 22.7

5.0

0.2

4.4

9,8

17.5
18.o

21.1

2o ._J

35.5

45._
4b. 6
1¢3.!
_J.b

_O.7

52.7

63.6

98.9

_.7

35.7

3t,. O
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°f-- TABLE XI

#I0 (_O. __ _)
r_ LUZ - r_ Oa_TZO_

Ball
No.
m

Location of Spell Life - En_ Grain Life - Side Grs_n

12

27
7

2O

23
10

2_
ii
18
17
21
8

1

5
30
13
9
6
15
26

81de Grain
Side Grain
Eng Grain 23.6

81de Grain

ln_ Grain 28.2

Zuvelid

Invalid

Invalld
Si_e ermin

Side Grain
Side Grain
ln_ Grain 45.1

End Grain 50.2

Side Grain
Side Grain

Side Grain

Side Grain
End Grain 69.1

Side Grain
Side Grain

Total Hours 216.2

Mien Life 43.2

Median Life 45.1

28.1

3o.o
39.3
43.o

52.1
55.9
L_. 1

65 .:L

75.7
_0.0

56o.9

gi.?

47.5

f



M-R-C RESEARCH AND DEVELOPMENT LABORATORIES

TABLE XIl

LO_ #n (PruNED AT 9GO'F)
FATIGUE LIFE FIBER ORIENTATION

COREELATION ON LIFE AT FAILURE POINT

Ball

No. Loom%ion of spall Life - Er_ Grain Life -Slde Gr[uin

27
5

23

25
3
4

2o

7
9

2O

17
24

i0
28

14
31
3o
1

15
6

13

19
16

12

8
II

Invalid

End Grain 7,6

End Grain 9.9

Invalid

End Olmin 14.7

End Grain 10.2

End G_in 17.3

Side Grain

End Grain i9.7
Invalid

End Grain 25.0

Side Grain

Invalid

Side Grain

Side Grain

Side Grain

End Grain 37.8

Side Gz_in

Side Gr_In

Side Grain

End Grain 58.2

Side Grain

Invalid

Side Grain

Invalid

Invalid

Side Grain
m

Total Hours 206.4

NBan Life 22.9

Median Life 147.3

19.5

_7.5

30. <>

33.4
33 <• /

38.':

38.'

39.;!

7 _ •()

208. o

007. I

55.2

38._



M-R-C RESEARCH ,",.NO DEVELOPMENT LABORATORIES

u_
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M-R-C RESEARCH ,',NO DEVELOPMENT LABORATORIES

s_

TABLE XI_

To_ _4 (sUL_mS)
FATIG_ LI_E - FIB_tt ORIENTATION

CORRELATIONON LI_E AT FAILUREPOI_

Be3.].

No.__u..

36
39
_3
lb
_7
37

1

_5

26

17

32
18
28

15
8

29
33
19

11

9
3o

Location of Spall Life - End Grain

End Grain 8.2

Invalid

Side Grain

Side Grain

Side Grain

Side Grain

End G_aln 26.2

Side Grain
Invalid

Invalid

End Grain 32.8

Invalid

Side Grain

End Grain 38.9

Side Grain

Side Grain

Invalid

Side Grain

End Grain 7_. 6

End Grain 77.5

Side Grain
Invalid

Side Grain

End Grain 105.0

Side Grain

Side Grain

Suspended

Total Hours 3ol.2

_aa Life 51.6

Median Life 38.9

Life - Side Grain

12.9

17.5

17.9

23.o

27 .i

37.5

_0 .'I"

_4.5

_3]. ,,O

93.5

I14.7

IL_o.3

711.9

54 L_

40.7



M-R-C RESEARCH *NO DEVELOPMENT LABORATORIES

TAmE XV

LOT #25 (WTGH SZLICAmLS)

COIL_TION ON LIFE AT FAIDJI_ POINT

Ball

Xio.
m

Location of, Spell Life - End Grain Life - Sido Grain

19
36
34
20
38

4
11

3

1

39
13
37
28

2_
31

23
27
30

5
15

6

9
10
Z8

25

Si_ Grain
Side Grain

Side Grain
Side Grain

Side Ore.ln

End Grain

End G_'min
Bide Grain
Side Grain
Side Grain

Side Grain

Side Grain
Side Grain
Tnvalid
Side Grain
Side Grain
Invalid

Side Grain
End Grain
Side Grain

Side Gr_in
Side Grain
End Grain

Side Grain
End Grain

Suspended
Side Grain
Side Grain

Side Grain

Suspended
Suspended

Total Hours

Mean Life

Medlaa Life

io8.8

m

5_I..O

zo6.z

lO8.8

13.7
!5.7
19.o
23.7
28.5

38._
39.2
39.7
47.4

55 .o

57.5

U7.3

113.7
128. i

lo9.5

1_3.5

254 .co
2_0.1
2_2.0

m

1978.7

9k.2

57.5



M-R-C RESEARCH *NO DEVELOPMENT LABORATORIES

LOT _6 (_GH AL_S)
FATIGUE LIFE - FIBER ORIENTATION

commu_io, or Lnm AT FAZLmm mI_

Ball

No.

1
14
37
io

29
II
20

3_
31
9
23
38
2b

17
3
6

8
12

35
16

5
36
21

33
13

2
15

7
18

Location of Sp%ll Life
t

Side Grain

Side Grain
Invalid

Side Grain
Slde Grain
Side Grain

Invalid

Side Grain
End Grain

Side Grain
Invalid
Side Grain
End Grain
End Grain
Side Grain

End Grain

Side Grain
Side Grain

Side Grain

Side Grain
End Grain
B_e Grain
Side Orm.in
Suspended
Suspended
End Grain

Suspended
End Grain

Side Grain
End Grain

End Grain

Suspended

Total Hours

Mean Life

Median Life

- End G _'ain
,, ! t ,L

12.3

38.1

_.6.6

99.7

124.8

130.9

ioo.5

663.2

73.7

40.6

Life - Side Grain

1.3
2.0

3. '[

3Y

5 I)

ii .9

!5.4

19.4

28.o

36.b

39.i

1.30.b

475.o

29.7

23.7
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